T he solvation dynamics and reactivity of localized excess electrons in aqueous environments have attracted great attention in many areas of physics, chemistry, and biology. This manifold attraction results from the importance of water as a solvent in nature as well as from the key role of low-energy electrons in many chemical reactions. One prominent example is the electron-induced dissociation of chlorofluorocarbons (CFCs). Low-energy electrons are also critical in the radiation chemistry that occurs in nuclear reactors.
Intoduction
The solvation dynamics and reactivity of localized excess electrons in an aqueous environment has attracted great attention in a large number of areas in physics, chemistry, and biology. This manifold attraction results from the importance of water as a solvent in nature as well as from the key role of low-energy electrons in many chemical reactions. 1 One prominent example is the electron-induced dissociation of chlorofluorocarbons (CFCs), whose role in the enhancement of ozone layer depletion is under debate, 2À4 but low-energy electrons are also critical in the radiation chemistry that occurs, for instance, in nuclear reactors. 5 In the polar environment of liquid water or water-ice, excess electrons tend to localize, being stabilized by rearrangements of the hydrogen bonded network. The widely accepted cavity model, in which the electron is surrounded by (typically six) water molecules of the first solvation shell, 6, 7 has recently been questioned by molecular dynamics simulations that predict hydration of the electron even in denser regions of liquid water, 8 launching a new debate 9À12 about the character of the solvation site in liquid water. Somewhat connected, also the trapping site of excess electrons in water cluster anions has been controversially discussed in the past, 13À18 in particular with regard to the question under which circumstances the electron is bound in the bulk or on the surface of the gas phase clusters. Besides liquid water and gas phase anion cluster studies, the solvation of excess electrons has also been subject of surface science studies in which H 2 have been focusing on the properties of excess electrons in a polar, aqueous environment during and right after the initial injection of the electron from the respective template. However, in line with most studies of electron dynamics at (polar) moleculeÀmetal interfaces, 37À40 the equilibrium solvated ground state is never reached in these systems due to the finite excited state lifetime on femto-or picosecond time scales. In other words, besides acting as the source of electrons, the substrate also presents a sink for the excess electrons, limiting their lifetime and availability for chemical reactions. 29 In part, this has been circumvented by decoupling by rare gas buffer layers. 3 The recent discovery of much longer living electrons at the vacuum interface of supported ice crystallites with excited state lifetimes up to minutes 41, 42 now crosses the bridge between the surface science approach and the gas phase cluster anion studies: The excess electrons are created by charge transfer from the metal substrate as in previous surface science studies; however, they are trapped at preexisting sites at the surface of the ice crystallites. In these deep traps, the electrons are strongly screened and very efficiently decoupled electronically from the metal. In this way, it is possible to observe their relaxation dynamics toward the ground state over 17 orders of magnitude in time, from the femtosecond time regime up to minutes. 41 In this Account, we will discuss the elementary processes in the formation and decay of such trapped electrons on ice crystallites as well as their reactivity. Fluence-dependent experiments provide information about the density of trapped electrons at supported D 2 O crystallites and their relaxation as a function of time. Moreover, it will be shown that these low-energy surface-bound electrons react very (2) . The population of this trapped electron state e T is further reduced by transfer back to the metal at a characteristic time scale τ (3) as well as depopulation by photoemission (4). (b) Monochromatic 2PPE spectra recorded with different UV photon energies. As evident by the photon energy dependence of the e T intensity (inset), the population of the trapped electron state e T requires excitation via the n = 1 image potential state at E À E F = 3.2 eV. Its photostationary population increases with photon energy. efficiently with CFCl 3 even at very low concentrations. These observations directly prove the high reactivity of trapped electrons at ice crystallites with CFCs and may be of relevance for electron-induced reactions at ice particles in polar stratospheric clouds.
Electron Capture at Ice Crystallites on Metal Surfaces
Figure 1a displays schematically the elementary processes involved in excess electron capture and relaxation at ice crystallites adsorbed on a metal substrate, 43 which are probed by time-resolved two-photon photoelectron (2PPE) spectroscopy. Thereby, electrons are excited by UV photon absorption in the metal (hν 1 ). This brings the system in a nonequilibrium condition and launches relaxation dynamics. These are monitored by subsequent photoemission of the excited state population by time-delayed photons hν 2 as described in detail in refs 41 and 44. For crystalline ice at single crystal metal surfaces (here Ru(001)) image potential states (IPS) are formed at the interface, exhibiting a spatial overlap with the substrate as well as with the conduction band of ice. These delocalized states mediate the charge transfer to local configurations that trap the electrons close to the iceÀvacuum interface (see process (1) in Figure 1 ). Localization of the excess charge induces a reorganization of surrounding polar water molecules stabilizing the trapped charge and increasing its binding energy (process (2)). The time scale of this solvation process depends strongly on the sample temperature. 41 At all times, the population of trapped electron decays by tunnelling through the ice to the unoccupied states of the metal substrate (process (3)); however, in the case of crystalline D 2 O, the decay rate is strongly reduced by efficient dipole screening of the trapped electron by the trapping site. Besides these intrinsic processes, the population of e T is further depleted by photoemission upon absorption of another UV or visible photon (4). In the following, we discuss all these processes in more detail. Figure 1b shows monochromatic 2PPE spectra taken at a temperature of 43 K and normalized to the photon flux. They are plotted as a function of energy of the intermediate state in the 2PPE process and have a vertical offset according to the photon energy used. A pronounced peak of transiently populated electronic states is observed at 2.2 eV above the Fermi level. These states are normally unoccupied, but bound, as they clearly lie below the vacuum level of the sample (work function Φ = 3.9 eV). As shown further below, they stem from localized electrons that are trapped at the iceÀvacuum interface. Their spectral signature (e T ) is only observed if the photon energy exceeds 3.2 eV, and its intensity increases with photon energy as illustrated by the inset of Figure 1b . This threshold energy corresponds to the photon energy needed to populate the first image potential state (IPS) on the ice-covered Ru(001) surface. Since there is no electronic transition at this energy within the ice and no specific resonance related to transitions in the substrate, we conclude that the image potential states, in particular the energetically lowest one, serve as charge transfer states.
From here, electrons can be captured at specific trapping sites. As the lifetime of the IPS is below 10 fs, these sites must exist before excitation and are not dynamically formed by self-trapping. 41 The localized electronic states in these traps are extremely well decoupled from the metal substrate and result in lifetimes ranging up to minutes. This exceeds by far the time between subsequent laser pulses in the 2PPE given by the repetition rate of the laser (200 kHz) so that the population accumulates over many laser pulses until a photostationary equilibrium of population, charge transfer and photoemission is reached. In Figure 2 , the photoemission intensity of e T is plotted as a function of UV illumination time for a series of excitation fluences. In all cases, the 2PPE intensity rises and approaches exponentially a saturation value. The exponential rise time (τ r ) and asymptotic intensity both depend nearly linearly on the average laser intensity in the regime of ∼0.01 to 1 W/cm 2 . 45 The build-up of this photostationary state can be well described by a rate equation taking into account the optical population with the rate Γ pop and the depopulation due to electron decay toward the substrate with 1/τ as well as photoemission with Γ dep as sketched in the inset of Figure 2 . 45, 46 Introducing additional laser pulses at a photon energy below 3.2 eV, that is, insufficient to form trapped electrons, but sufficient to probe them, allows us to estimate the density of trapping sites on the ice crystallites to be on the order of N = 2.5 Â 10 11 cm À2 (assuming a detection probability 47 of 10 À3 for the photoexcited electrons) with a conservatively estimated upper limit of N max = 2.5 Â 10 12 cm À2 (detection probability of
À4
). Considering that at these low coverages only 50À80% of the template is covered by crystallites, 48 the upper limit for the local trap density amounts to n max = 5 Â 10 12 cm
À2
. As discussed below, these electrons are bound with respect to the vacuum and localized at the vacuum interface of the crystallites. This makes them ideal candidates for the study of DEA at iceÀvacuum interfaces as detailed further below.
Solvation and Relaxation from Femtoseconds to Minutes
The long lifetime of the trapped electrons can be utilized to monitor their relaxation dynamics and perform a pumpÀprobe experiment on minute time scales. After illumination of the sample with UV light for 10 s, the photostationary state is established and, resulting from the fluence used, the electrons in the e T state are on average τ r = 0.1 s "old", as discussed above. The corresponding 2PPE spectrum is depicted in Figure 3a . To probe the relaxation dynamics at later times, the sample is left unperturbed (no incident photons) and the evolution of the transient e T population monitored by photoemission with hν VIS after the time delay of interest. The respective spectra at Δt = 1, 10, 60, 300, and 630 s are also shown in Figure 3a . The peak maximum of e T keeps shifting toward lower energies as time proceeds and as highlighted by the dashed curve (guide to the eye). This energetic shift of the trapped electron feature e T already starts on femtosecond time scales 41 right after photoinjection via the image potential state. It is a result of a continuing reorganization of the D 2 O environment that accommodates the excess charge and relaxes toward equilibrium. The remarkable observation of an ongoing relaxation over 17 orders of magnitude in time is summarized in Figure 3b , which depicts the energetic shift of the e T peak maximum as a function of time after photoexcitation of the trapped electrons. Spanning these many time scales, it can be described in terms of a stretched exponential law (solid line), which results from the distribution of different trapping sites in the sample and their respective characteristic relaxation times, as detailed in ref 42 .
One necessary condition for the reactivity of the trapped electrons is the possibility to interact with the reactants (i.e., molecules impinging from the gas phase), which means in the present context their proximity to the vacuum interface. As shown by xenon titration experiments in refs 41 and 49, this is fulfilled: The spectral signature of the trapped electrons, e T , is quenched when adsorbing Xe atoms onto the supported D 2 O crystallites. The rare gas apparently strongly interacts with the electron density in the traps and probably blocks them or strongly reduces the electron lifetimes. As the rare gas does not penetrate into the D 2 O bulk, this shows that the e T electrons must be localized at the vacuum interface of the crystallites. Possible trapping sites are orientational defects at the ice surfaces as suggested by ab initio density functional theory calculations. 41 Already slight modifications (e.g., flip rotations) of the two topmost bilayers can lead to stabilization of the charge density |Φ(R)| 2 as exemplarily shown in Figure 4 . Such reconfigurations of the hydrogen-bonded network lead to a very efficient reduction of the charge density already in the outermost ice layer and provide a theoretical explanation for the long lifetimes accompanied by electronic decoupling of the electron from the metal substrate.
Reactivity of Surface Trapped Electrons
It is well-known, that low-energy electrons can efficiently induce chemical reactions by formation of transient negative ions resonances leading to dissociative electron attachment (DEA) processes. 50 In the condensed phase such transient negative ions are energetically stabilized due to polarization (or solvation) of the molecular environment (leading to a downshift of the corresponding potential energy surface, cf. Figure 5a ), which may enhance the efficiency of DEA processes. In part, this arises from changes of the energetics of the DEA process; however, the electron dynamics and competing relaxation processes are also critical for the observed reactivity. As the trapped electrons on supported ice crystallites discussed before exhibit lifetimes up to minutes and are bound at the ice vacuum interface, they may thus stimulate electron-induced reactions with molecules coadsorbed on the ice surface or impinging from the gas phase.
Reactions of trapped electrons at ice crystallites with CFCs or oxygen species are of particular interest, because of their potential role in atmospheric ozone depletion. 2À4 In this scenario, the depletion is caused by the release of chlorine, which may originate either from direct photolysis or from DEA of CFCs by capture of electrons produced by cosmic rays in ice particles in polar stratospheric clouds. Even for a small density of low-energy electrons the latter process can dominate, as the DEA cross section often exceeds the photodissociation cross section by several orders of magnitude (e.g., 10 4 times for CFCl 3 51 ). In the following, we discuss the reaction of trapped electrons on water-ice crystallites with CFCl 3 coadsorbed at the ice surface. 49 Figure 5b shows 2PPE spectra of trapped electrons at ice crystallites during exposure to CFCl 3 at low temperature (30 K ), the e T population is quenched in the 2PPE spectra, which is accompanied by a substantial increase of the work function of ΔΦ = þ250 meV. As it is wellknown and widely accepted that DEA processes are induced by low-energy electrons, we assign these observations to dissociative electron attachment of the long-living trapped electrons to coadsorbed CFCl 3 molecules, leading to the formation of •CFCl 2 radicals and Cl À anions at the ice surface and the accumulation of negative surface charge. 49, 52 The work function change saturates at ΔΦ = þ500 meV upon further CFCl 3 exposure.
A key question in this context is the reactivity of each trapping site and the cross section for DEA of adsorbed CFCl 3 . As discussed in a recent review, 3 the presence of ice enhances the DEA cross section by several orders of magnitude depending on the CFC and leads, in the case of CFCl 3 , to a cross section of 10 À13 cm 2 . This is equal to the detection limit of the electron trapping technique used for ice and CFCl 3 adsorbed on rare gas buffer layers. In the present approach, we inject the electrons from the substrate, rather than from the vacuum, to the pre-existing surface traps described above. Related to studies discussed in ref 3, we define the DEA cross section as
with the number of reactions per area r, the trap density N, and the relative CFC coverage θ. This cross section can be understood as the characteristic "active area" of each trap. Based on the analysis of the above-described experiment (Figure 5b ) we draw the following conclusions:
(i) The e T signal is completely quenched for θ crit = 3 Â 10 12 cm
À2
; that is, every trap has interacted with at least one CFCl 3 molecule: r/N g 1 . This results in a lower limit σ g 1/3 Â 10 À12 cm 2 .
(ii) The maximum number of reactions is determined by the number of reactants: r/θ crit e 1 with the above estimated trap density N = 2.5 Â 10 11 cm À2 this yields σ e 4 Â 10 À12 cm 2 . In addition to these estimations for the upper and lower limit of the trap DEA cross section, however, the measurement of the work function change with and without CFCl 3 coadsorption results in a completely independent estimation of the DEA cross section:
(iii) Upon adsorption of θ crit , the work function increases by ΔΦ = 500 meV. However, pure population of the traps with electrons leads to ΔΦ = 50 meV. Assuming similar screening of the trapped electrons and Cl À ions at the ice surface (which is plausible due to similar extension of the charge distribution), at each trap on average 10 molecules would dissociate resulting in a cross section of σ e 3 Â 10 À12 cm 2 which lies well within the above derived interval. The cross section evaluated from these experiments is 2 orders of magnitude larger than the corresponding DEA cross section in the gas 51 and condensed phase 3 without the catalyst ice. This very high cross section and reactivity of trapped electrons at the supported ice crystallites for DEA of CFCl 3 can be rationalized by the downshift of the negative ion potential energy surface due to polarization at the crystalline ice surface (see Figure 5a ). This brings the FranckÀCondon window into resonance with the trapped electron energy distribution (see green shaded area) which strongly enhances the efficiency of DEA processes. Very similar consideration will also apply to other CFCs.These results clearly demonstrate the high reactivity of localized excess electrons trapped at the surface of ice crystallites with electronegative molecular adsorbates. As the dissociation of CFCs on stratospheric ice particles is believed to play a key role in the ozone layer depletion, the long-lived excess electrons discussed in this work may be an important reaction intermediate in atmospheric chemistry.
